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Abstract 
Von Willebrand Factor (vWF) is a large plasma glycoprotein involved in hemostasis by 
forming platelet plugs at damaged vessel walls. vWF mutation leads to von Willebrand Disease 
(vWD), a bleeding disorder which impacts one in every 1000 individuals1. In the blood stream 
vWF exists as a multimer and unravels to expose binding sites for platelet and collagen 
adherence. Furthermore, the size of vWF is essential to normal hemostasis and is controlled by 
the ADAMTS13 enzyme cleavage at A2 domain of vWF. The project aims to explore the A2 
domain and multimeric structural and mechanical properties of vWF wild-type (WT) monomer, 
mutant N1515Q, N1574Q, and Q1541R.  
Molecular dynamic simulations were performed to compare the structural differences of 
WT vWF with and without sugar, mutants Q1541R, N1515Q, and N1574Q. Simulation systems 
were generated with CHARMM-GUI and the simulation was run in CHARMM. Qualitative 
analysis was acquired through visualization software and quantitative analysis of hydrogen 
bonds, protein to protein interaction, thermal fluctuations, and RMSD were obtained through 
visual molecular dynamics (VMD) and scripts provided by Dr. Wonpil Im. Enzymatic cleavage 
assay was performed to understand the effect of ADAMTS13 on WT vWF A2 as well as mutants 
Q1541R, N1515Q and N1574Q. The cleaved portion was estimated by image analysis using 
Image J. Preliminary assay results indicated lower threshold for ADAMTS13 cleavage 
susceptible for N1541Q and N1574Q. In addition, single-molecule force optical tweezer 
experiments were used to characterize A2 and multimeric vWF unfolding. A SpyTag-
SpyCatcher system was employed in single-molecule experiments. By characterizing the isolated 
A2 domain, we can better understand how this particular domain is able to undergo 
conformational changes as a result of shear force.  Later, multimeric vWF is explored to 
understand how domain-domain interactions affect unfolding which reflects realistic in-vivo 
vWF A2 domain. The precise small force applied onto vWF reflects and simulates the shear 
force caused by shear flow in the blood stream that induces conformational change of vWF.  
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CHAPTER 1. INTRODUCTION 
 
1.1 Significance and Motivation 
In 2014, about 26.6 million people were diagnosed with cardiovascular diseases such as 
von Willebrand disease2. These cardiovascular diseases are often caused by a mutation in the von 
Willebrand Factor (vWF). The vWF is a plasma protein that plays an important role in 
hemostasis. During vessel wall damage, the change in shear stress induces a conformational 
change allowing A1-A2-A3 domains to bind onto collagen on A3 domain end and platelets on 
the A1 domain. The multimeric structure of vWF allows for multiple sites for collagen and 
platelet adherence at A1 and A3 domain. The exposure of A2 domain provides a cleavage site 
susceptible for enzyme ADAMTS13. vWF fragments are then able to assist other sites of 
injuries. (Figure 1) 
 
 
 
 
 
 
Figure 1. Activated vWF in blood stream. vWF circulates in the bloodstream and unfolds, allowing 
binding of A3 to collagen and A1 to platelet3. 
As a result, the unfolding mechanism is important and contributes to the primary 
functions of vWF. Polyprotein model proposed by Junyi Ying4  indicates primary A2 unfolding 
to allow for A1 and A3 binding to platelet and collagen, respectively. Further, the A2 domain 
plays a critical role in vWF size regulation. vWF exists as an ultra large (UL) form (ULVWF) 
and is stored in Weibel-Palade bodies of endothelial cells. ULVWF is hyperactive once released 
into the bloodstream.  vWF’s self-truncation mechanism involving enzyme ADAMTS13 reduces 
hyperactive ULVWF to less reactive vWF multimers5. (Figure 1) The reduction in multimeric 
vWF is also important for allocation of vWF at other sites of injuries.  
ADAMTS13 cleavage requires mechanical unfolding of VWF to expose binding site at 
A2 (specifically, Y1605-M1606). Proteolysis of vWF by ADAMTS13 is induced by 
conformational changes of A2. These changes are a result of hydrodynamic forces applied on 
VWF resulting in elongational forces. A2 domain is comprised of a hydrophobic protection with 
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vicinal Cys residues near Tyr1605-Met1606 bond6. Once unfolded, with its hydrophobic region 
removed, ADAMTS13 is able to bind and cleave the protein.  Therefore, unfolding of A2 
domain is critical for ADAMTS13 cleavage. 
Overall, the regulation of vWF size is essential to performance in blood clots. If there is 
excessive cleavage of vWF, bleeding disorder will result (type 2A von Willebrand disease). On 
the other hand, if ADAMTS13 cleavage fails, microvascular thrombosis-thrombotic 
thrombocytopenic purpura will occur3. Moreover, unfolding of A2 domain is required for 
ADAMTS13 cleavage assay. In addition, the multimeric performance of vWF reflects in-vivo 
mechanism, incorporating the domain-domain interactions that occur within multimeric vWF in 
the bloodstream. Since the unfolding of A2 and multimeric protein domain is induced by shear 
stress, the characterization of the unfolding of A2 and multimeric vWF mutants with artificial 
mechanical stimuli will allow better understanding of fundamental mechanism of unfolding of 
vWF A2 domain in vitro. This opportunities and growth in drug development and therapy to treat 
von Willebrand disease.  
Therefore, we aim to explore and characterize the biomechanical properties of A2 and 
mutants through single-molecule experiments to better understand the change in ADAMTS13-
A2 cleavage behavior. 
 
1.2 Objectives 
In order to explore the biomechanical properties of mutant N1515Q, N1574Q, and Q1541R, the 
study has established four objectives:  
1) Understand the structural properties of mutants of interest through simulation analysis. 
2) Understand the relationship between ADAMTS13 and mutants through cleavage assay. 
3) Characterize Mechanical Properties of A2 Domain. 
a. Verify the unfolding in wild type A2 domain von Willebrand Factor.  
b. Characterize the unfolding properties of A2 domain mutant N1515Q, N1574Q, 
and Q1541R. 
4) Characterize Mechanical Properties of Multimeric VWF.  
a. Verify the unfolding in wild type A2 domain von Willebrand Factor. 
b. Characterize the unfolding properties of A2 domain mutant N1515Q, N1574Q, 
and Q1541R. 
 10 
 
CHAPTER 2. BACKGROUND 
 
2.1 von Willebrand Factor Background 
2.1.1 von Willebrand Factor – Biosynthesis  
 Von Willebrand Factor is a large plasma glycoprotein involved in hemostasis by 
facilitating the formation of platelet plugs at damaged vessel walls. vWF is first synthesized by 
megakaryocytes as a pre-propolypeptide. A signal sequence is then deleted and the remaining 
pre-propolypeptide is delivered to the endoplasmic reticulum (ER). In the ER, N-linked glycans 
are added, prodimers are formed through disulfide bonds in C-terminal cysteine-knot (CK) 
domain, and cysteine bonds are formed to fold domains.  Afterwards, the prodimers are 
transported to the Golgi apparatus for dimeric structural rearrangement, O-linked glycan post 
modification, and association to form multimers. During dimeric structural rearrangement, the 
dimers are aligned adjacently allowing for disulfide bonds to form between N terminal D3 
domains for multimerization. During multimerization, multimers are assembled into helical tubes 
where the hollow tubes are walled by D1-D2 domains and D’-D3 domains. The helical tubules of 
multimers are then organized into “ministacks” or Weibal Palade Bodies (WPB) that eventually 
matures into larger Weibal Palade Bodies along with cleavage of propeptide by furin. The 
biosynthesis of vWF is illustrated in Figure 27.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Diagram of vWF Biosynthesis 
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2.1.2. Domain and Functions of vWF  
 vWF pro-polypetide consists of a signal sequence with 5 structural domains: D1-D2-
D’D3-A1-A2-A3-D4-B1-B2-B3-C1-C2-CK (Figure 3). Each domain has a unique function that 
participates in hemostasis or biosynthesis of vWF. D’D3 domain forms disulfide bonds with 
adjacent dimers to form multimers. It also functions to stabilize procoagulant factor VIII (FVIII) 
.FVIII is a critical coagulation factor that is activated during vessel wall damage by 
disassociating from D’D3 domain. Adjacent to D’D3, the A1 domain functions to bind with 
platelet GP1b followed by A2 domain (Figure 4) which interacts with ADAMTS13 for self-
truncation, and A3 domain to bind with collagen8. The C domain functions as a binding site for 
activated platelet integrin II39 to initiate platelet and multimeric binding.  Lastly, the CK 
domain allows dimerization to occur through disulfide linkages of other vWF pro-polypeptides.  
The A2 domain of vWF consists of 5 beta sheets and 5 alpha helixes. The Tyr-Met 
cleavage site is buried in the β4 sheet. This protein undergoes post modification for glycan 
addition at sites N1515 and N1574 which we will later explore. An α4-less loop is located 
between α3 and α5, at residues 1615-1619, the exact same spot as in A1 and A3 domain. 
However, in A2 there are less residues, hence it is referred to as the α4-less loop.  
 
 
Figure 3. Diagram of vWF Domain Structures 
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Figure 4. A2 Domain Structures where A) and B) shows the 3D quaternary structure of A2 
domain generated from 3gxb from protein data bank 
 
Figure 5. A2 Domain Amino Acid Sequence  along with secondary structures of A2 domain. 
2.2 VWF Mutants of Interest  
Recent studies have shown the significance of glycan chains of vWF. Glycan chains 
make up approximately 20% of vWF’s molecular weight10. In particular, mutant N1515Q and 
N1574Q, mutation from asparagine to glutamine at sites 1515 and 1574, have shown to have 
interesting effects with ADAMTS13 enzymatic activity. Preliminary studies and previous studies 
have shown that N1574Q increases ADMATS13 proteolysis, whereas N1515Q does not. Further, 
N1515Q and N1574Q have removed glycan chains near cleavage site Tyr1605-Met1606. 
Although CD spectra and ADAMTS13 activity assays have been performed on N1515Q and 
N1574Q,10  the specific mechanical unfolding properties have not yet been explored.  Another 
interesting mutant, Q1541R, a mutation from Glutamine to Arginine at site 1541, has recently 
been found in a patient with a bleeding disorder.  
Therefore, we aim to explore and characterize the biomechanical properties of mutant 
N1515Q, N1574Q, and Q1541R through single-molecule experiments to better understand the 
A B 
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change in ADAMTS13-A2 cleavage behavior as well as multimeric mutants to better understand 
the influence the mutants have on unfolding behavior in a macroscopic scale. 
 
2.3 Single-molecule Experiments – Optical Tweezers 
 Single molecular optical tweezer experiment is one of the main technique that has been 
implemented in our studies. Single-molecule study, specifically optical tweezers, is an ideal 
technique to explore the mechanical properties of vWF due to several factors including but not 
limited to its capability of 1) performing real-time experiments that reflect biological phenomena 
2) characterizing biomolecular structure and function in high resolution and sensitivity and 3) 
applying and measuring force of up to Pico newton (1012) range.   
Optical tweezers conduct single molecular experiments by using two lasers to trap 
microscopic beads that are coated with samples to create a stable mechanical system in which the 
target protein’s N and C terminus are secured. (Figure 5) This is achieved by creating an 
attractive force in the beam’s focal region through the laser beam’s refraction from polystyrene 
and water, and momentum. A bead is first captured using the lasers and is then stationed on a 
micropipette tip. The laser, now bead-free, captures another bead. Our studies will be performed 
in force ramp mode in which the the two beads will be brought close together to adhere and then 
pulled away at constant speed.  
Miniature optical tweezers were used due to its direct measurement of force without 
complicated calibration steps, and portability, and better noise isolation. The capability of 
miniature tweezers to measure small force measurements makes it an ideal tool for our studies.  
 
Figure 6. Spy-Tag SpyCatcher Mechanism in Optical Tweezers 11.  
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Figure 7. Mini-Optical Tweezers System. (A) Schematic diagram of the mini-optical tweezers 
system. (B) The chamber utilized in optical tweezers system in which beads and force ramp 
experiments will be carried out. The chamber consists of three channels and three micropipette 
tips. The upper and bottom channel are for bead injections. (C) A photo of the CCD screen from 
the experiment which demonstrates a bead fixed on a micropipette and the other bead trapped by 
a laser.11 
 
2.4 SpyTag-SpyCatcher 
 In single-molecule experiments, a stable linkage system is required between two beads in 
which the molecule of interest is linked on the N and C terminus ends. The following Table is a 
typical comparison of common linking methods in single-molecule systems.  
 Comparison of different linking methods in single-molecule systems 
Table 1. Table of Common Linkage Systems and Mechanical Stability.  
While these typical methods have been used in single-molecule system, there are 
disadvantages such as requirement of reduction for disulfide linkages, weak mechanical stability 
for polyhistidin-tag-Ni-NTA, thermal dynamic instability, reversibility of reactions, and non-
Linkages Mechanical Stability 
Disulfide Bonds Strong, needs reduction before coupling 
Polyhistidine-tag–Ni-NTA Weak 
Biotin–Avidin/Streptavidin Strong, needs biotinylation 
Antibody–Antigen Intermediate 
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specificity interactions between protein and polystyrene bead. A novel SpyTag-SpyCatcher 
linkage system is proposed and will be implemented for A2 domain experiment. This system 
uses a new tagging method in which a Streptococcus pyogenes CnaB2 domain is divided to 
acquire 13-amino acid peptide. The SpyTag is the C terminal peptide with residue sp117. On the 
other hand, the N terminal protein fragment contains residue Lys31 and is carried by SpyCatcher 
(Figure 7) 12 13. These two fragments form isopeptide bonds that are mechanically stable. 
Specificity of SpyTag and SpyCatcher and high mechanical stability allows for simplification of 
single-molecule experiments and stability.  
 
Figure 8. SpyTag–SpyCatcher interaction. Streptococcus pyogenes (Spy) CnaB2 is separated into 
two fragments, a N-terminal fragment (SpyCatcher, left) and C-terminal fragment (SpyTag, right) 
12,13. 
2.5 Worm-Like Chain Model 
 Worm-Like Chain (WLC) Model is a common model used to characterize the behavior of 
semi-flexible polymer. The elasticity of DNA and proteins can be modeled with WLC.  This 
model assumes that the polymer is 1) inextensible 2) has a linear elastic bending energy 3) 
subjected to thermal fluctuations14. The polymer, which consists of individual monomer units, is 
continuously flexible. The following is the equation model that governs WLC.  
 
 
where 𝐹(𝑥) is the applied force on the polymer chain, x is the end-to-end distance, 𝐿𝑐 is the 
2
( ) 1 1
1
4 4
p
B c c
F x L x x
k T L L

  
    
 
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contour length, 𝐿𝑝 is the persistence length of the polymer, kB is the Boltzmann constant, and T is 
the absolute temperature. 𝐿𝑐, or the contour length is the length at which the protein is fully 
extended. 𝐿𝑝, or the persistence length, is a parameter that indicates the elasticity or rigidity of 
the polymer or protein. To give an elaborate explanation of WLC fit on protein unfolding events, 
Figure 8 is provided. Figure 8 demonstrates a typical force extension curve. A sharp decrease in 
force indicates unfolding event.  
 
Figure 9. Example of WLC fit on a force vs extension curve. Two WLC fit were implemented on 
the retracting trace (red line) of the pulling curve. The difference in the resulting 𝐿𝑐  is the Δ𝐿𝑐, or 
the unfolding extension. 11 
 
2.6 CHARMM-GUI and CHARMM  
 Chemistry at HARvard Macromolecular Mechanics (CHARMM) is a common molecular 
simulation program that supports multiscale techniques with enhanced sampling methods. This 
simulation program is mainly used for modeling biological systems such as peptides, proteins, 
ligands, carbohydrates, etc. CHARMM-GUI is a web-based graphical user interface that supports 
CHARMM created by Dr. Wonpil Im. CHARMM-GUI generates molecular simulation systems 
and input files for simulation. Based on CHARMM force fields.  
 
2.7 Monte-Carlo Simulation  
 Monte-Carlo is a common simulation methodology that uses stochastic properties to 
produce new system configurations. This method emphasizes the use of sampling of equilibrium 
systems which entails using an acceptance criterion. A test configuration is randomly generated 
in which it is either accepted or rejected based on Metropolis criterion.  
 
 17 
 
𝑝 =  {
exp [ − 
∆𝑈
𝑘𝑏𝑇
 ] 𝑖𝑓 ∆𝑈 > 0
               1       𝑖𝑓 ∆𝑈 ≤ 0
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CHAPTER 3. STRUCTURAL DIFFERENCES OF MUTANTS OF INTEREST 
THROUGH SIMULATION  
 
Mutations can often influence phenotypic alterations. VWD is often caused by single 
point mutations. More importantly, the structure of A2 domain is critical to the blood clotting 
process. This is due to its natural unfolding properties that allows for ADAMTS13 cleavage 
activity as well as A1-A2-A3 domain interaction with collagen and platelets. In order to have a 
better understanding of the structural influence mutations has on vWF A2 domain, molecular 
dynamic simulations of wild type and mutants were run at thermoequlibrium. In addition, 
previous studies have shown the influence of N-linked glycans in A2 domain on ADAMTS13 
proteolysis10. In particular the two sites that allows for post modification of N-linked glycan are 
N1515 and N1574. We aim to identify the influence of single point mutation without post 
modifications of glycan, as a result we compared all mutants without the presence of glycan.   
 
3.1 Methods  
 The crystal structure of VWF A2 domain, 3GXB, was used and extracted from Protein 
Data Bank. This crystal structure consists of two chains, A and B, in which for the purpose of the 
simulation we will be only using PROA. Five different systems were simulated including 1) 
N15741Q, 2) N1541Q, 3) Q1541R, 4) Wild Type, and Wild type with no glycan. All simulations 
were run with Monte-Carlo method with the following system parameters shown in Table 2.  
 
Protein Mutation  Glycan Waterbox (A)  Solution Temperature (K) Time  
1541 Gln to Arg None  12 0.15 M KCl 300 108 ns  
1574 Asp to Gln None 12 0.15 M KCl 300 166 ns 
1515 Asp to Gln  None 12  0.15 KCl 300 153 ns 
WT  None None 10  0.15 NaCl 300 166 ns 
Table 2. Simulation Parameters for A2 Mutants and Wild-Type 
Although the systems for wild type vWF were run in a system with sodium chloride, little 
influence is expected. The concentration of both alkali salts in the solution is consistent and the 
ionic radii are similar with 0.095 nm for sodium and 0.133 nm for potassium. Each mutant was 
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aligned with wild type with no sugar and the RMSD was taken in reference to the wild type with 
no sugar. In addition, the RMSD of each molecule was compared with its original conformation 
at zero timeframe. The RMSD of the trajectory was then used to determine the time frame for 
qualitative analysis to identify region of misalignment of the protein.  Snap shots of the protein 
were taken at the specified time frame from RMSD. An interaction map was then extracted for 
the last 50 ns of the simulation and the misalignment regions that were identified from 
qualitative analysis were investigated. Furthermore, information of thermal fluctuation and 
hydrogen bond interactions was extracted over the entire trajectory through VMD.  
 
3.2 Results 
3.2.1 Thermal Fluctuation 
 
Figure 10. Thermal Fluctuations of vWF Mutants and Wild Type. The end to end distance of  A) 
N1574Q, B) N1515Q, C) Q1541R with no glycan, and D) Wild Type with no glycan, was 
measured over the entire thermoequilibrium simulation, 153 ns, 153 ns, 108 ns, and153 ns, 
respectively. 
 
A B 
C D 
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3.2.2 Hydrogen Bonding Interactions 
 
Figure 11. A2 Mutants and Hydrogen Bonds vs. Time. The amount of hydrogen bonds that 
interacted with each mutant, A) N1574Q B) N1515Q and C) Q1541R with no glycan, were plotted 
for the following durations: 153 ns, 153ns, and 108 ns, respectively. 
 
A B 
C 
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3.2.3 RMSD 
 
Figure 12. Trajectory RMSD of A2 vWF Mutants and WT. Each protein, A) N1574Q B) N1515Q 
C) Q1541R and D) WT with no Sugar, were measured for their RMSD in reference to its 
configuration at zero time frames.  
 
Due to the initial stabilization of protein in the system, generally the first few frames are ignored. 
While the wild type with no glycan is shown to have the most stable with the least change in 
RMSD over time ranging from 1.0 to 1.6 A after 10000 time frames, all mutants show a gradual 
increase in RMSD over time. N1515Q has the highest range of RMSD with 0.25 to 2.6 A.  This 
corresponds well to the high thermal fluctuations shown in Figure 10B.   
 
B A 
C D 
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Figure 13. Comparing RMSD Trajectory of vWF Mutants to WT with No Glycan. A) Overall 
RMSD for all mutants, N1515Q (blue), Q1541R (gray), N1574Q (red), and WT with glycan 
(orange), over the entire trajectory 108 ns, against reference molecule WT with no glycan (yellow). 
B) N1574Q (red) RMSD over entire trajectory of 153 ns against reference molecule WT with no 
glycan (blue). C) N1515Q (blue) RMSD over time trajectory of 166 ns against reference molecule 
WT with no glycan (red). D) Q1541R (red) RMS over entire 108 ns trajectory against reference 
molecule WT with no glycan (blue). 
 
Average 
RMSD 
(A) 
Standard 
Deviation 
Min  Max  
N1515Q 1.659 0.419 0.622 2.403 
N1574Q 1.242 0.155 0.629 1.8 
Q1541R 1.709 0.304 0.694 2.334 
WT 1.16 0.093 0.711 1.689 
WT no 
sugar 
1.21 0.147 0.443 1.977 
Overall 1.396 0.254 0.443 2.403 
Table 3. RMSD Of Mutants and Wild-type in Reference to Wild-Type with No Sugar. RSMD of 
Mutants and Wild-type in Reference to Wild Type with No Sugar 
A B 
C D 
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While the RMSD of each molecule in reference to its initial configuration informs how different 
the simulated configurations are from the original configuration, the RMSD when calculated in 
reference to the WT with no glycan provides a better understanding of how different the mutants 
are from the wild type. Q1541R and N1515Q shows to have the most difference in RMSD with 
2.3 A as the highest RMSD for both mutants at 37500 and 40000 time frame, respectively, and 
1.8 A for N1574Q at 20000 time frame.  
 
3.2.4 Qualitative Analysis 
  
 
Figure 14. Snapshot of N1515Q at 40,000th frame. The Tyr-Met cleavage site and the mutated 
residue are indicated by the red portions. N1515Q (bright cyan) is aligned with wild type with no 
glycan (darker cyan). Regions where it showed the most different are A) residue 1611 to 1619 
(pink for N1515Q and purple for WT) and B) residue numbers 1587 to 1601 (orange for N1515Q 
and yellow for WT). 
 
Figure 15. Snapshot of N1574Q at 20,000th frames. The Tyr-Met cleavage site and the mutated 
residue are indicated by the red portions. N15174 (light cyan) is aligned with wild type with no 
glycan (dark cyan). Regions where it showed the most different are A) residue numbers 1613 to 
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1622 (orange for N1574Q and yellow for WT) and B) residue 1590-1595 (purple for N1574Q and 
pink for WT) 
 
 
Figure 16. Snapshot of Q1541R no glycan at 32,500th frames. The Tyr-Met cleavage site and the 
mutated residue are indicated by the red portions. Q1541R (light cyan) is aligned with wild type 
with no glycan (dark cyan). Regions where the mutant and the wild type with no glycan was the 
most misaligned are A) residue 1609 to 1622 (yellow for WT and orange for Q1541R) and B) 
residue numbers 1505 to 1510 (pink for Q1541R and purple for WT) C) residue 1590 to 1595 
(violet for WT and blue for Q1541R) D) residue 1569 to 1573 (lime for Q1541R and gray for WT). 
 
From the RMSD results, the time frame with the largest RMSD was analyzed. Each mutant was 
aligned with the wild type with no glycan and the regions with the largest misalignment were 
noted. For Q1541R, there were four regions with obvious misalignment: α4 less group,  (residue 
1609 to 1622), between α 3 and  α4 (residue1590 to 1595), between α2 and α3 (residue 1569 to 
1573), and β4 to residue (1505 to 1510). N1515Q and N1574Q both have only two regions with 
obvious misalignment from the wild type with no glycan. The regions of misalignment for 
N1515Q are α4 less loop (residue 1611-1619) and middle of α3 to β4 (residue 1587-1601), in 
which you can see the beginning of unraveling of β4. The regions of misalignment for N1574Q 
are between of α3 to β4 (residue 1590-1595) and after β4 into α4-less loop (Residue 1613 and 
1622). All mutants have misalignment in α4 less loop region and around α3 to β4.  
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3.2.5 Interaction Pattern Map 
 
 
Figure 17. Interaction Map of vWF Mutants. The pattern fraction in which the residues in the 
protein interact with the protein, chloride, and water was extracted for A) N1515Q, B) Q1541R, 
and C) N1574Q for the last 50 ns of the simulation. The residues identified in qualitative analysis 
of each mutant for misalignment with the wild-type protein are circled in the pattern fraction 
map.  
 
From the qualitative analysis, all 3 mutants have a common misalignment region near α3 and α4 
less loop region. The α4 less loop region interactions has a 0.5 pattern fraction with water and 
protein for Q1541R. In N1515Q, the α4 less loop has some interaction with the ions, about 0.5 
pattern fraction with the rest of the protein, and residue 1617 only interacted with water.  
Contrary, N1574Q mostly interacted with the rest of the protein. As for the α3 region, N1515Q 
interacts almost equally with the protein and water, with more interactions in water for residues 
1595. Q1541R interacts also has a 0.5 pattern fraction with water and protein for majority of its 
residues in the α3 region except for residue 1592 which has some interaction with potassium. 
The α3 region in N1574Q interacts with the rest of its protein with a pattern fraction of 1.0. 
Majority of the Q1541R residues have a pattern fraction of 0.5 for residue-water interaction and 
residue-protein interaction with minor interactions in a some residues including 1598, 1518, 
1535, and 1573-1577.  
 
A 
B 
C 
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CHAPTER 4 UNDERSTANDING THE RELATIONSHIP BETWEEN 
ADAMTS13 AND MUTANTS  
 
4.1 Methods  
In order to understand the relationship between enzyme ADAMTS13 and mutants, a 
cleavage assay was performed. Recombinant hexahistidine-tagged VWF WT A2, and Q1541R, 
N1515Q and N1574Q mutants were constructed in the pHLsec vector, expressed in HEK 293T 
cells, and purified from culture supernatant using Ni-NTA chromatography followed by size 
exclusion chromatography. Protein expression was performed by Wenpeng Cao and protein 
purification was performed by Wengpeng Cao, Yi Wang and Whitney Lai.  
Enzymatic cleavage assay was performed to understand the effect of ADAMTS13 on WT 
VWF A2 as well as mutants Q1541R, N1515Q and N1574Q. Experimental group of 100 ug/ml 
WT A2 and mutants were incubated with 10ug/ml of ADAMTS13 for 2 hours at 37 ℃ water 
bath. The reaction was stopped by GenScript 5x sample buffer (MB01015). Control group 
consisted of 100 ug/ml WT vWF A2, as well as mutants Q1541R, N1515Q, and N1574Q without 
incubation with ADAMTS13. Final concentration used in gel electrophoresis were 75 ug/ml WT 
A2 and mutants and 7.5 ug/ml ADAMTS13. The size of the proteins was evaluated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis followed by silver staining (Thermo Pierce 
Silver Stain kit). Silver Stain kit was used. The cleaved portion was estimated by image analysis 
using Image J.  
 
4.2 Cleavage Assay Results and Discussion 
 
 
 27 
 
Figure 18. ADAMTS13 Cleavage Assay Results for A) Q1541R and WT and B) N1574Q, 
N1515Q, and WT Cleavage. All mutants and WT are treated both with ADAMTS13 
( experimental group) and without ADAMTS13 (control group). 
 
30 kDa fragments indicates A2 domain and a 10 kDa fragments indicate successful 
cleavage activity. Results revealed WT VWF and mutant Q1541R and 1574Q was successfully 
cleaved whereas N1515Q was not. The fractions of cleaved proteins were approximately 10% 
and 50% for Q1541R and N1574Q, respectively. Results imply lower threshold for ADAMTS13 
susceptibility for Q1541R and N1574Q. 
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CHAPTER 5. BIOMECHANICAL PROPERTIES OF MONOMERIC 
VONWILLEBRAND FACTOR A2 DOMAIN AND MUTANTS 
 
As mentioned earlier, vWF exists as a multimer in the blood stream. The truncation of 
vWF allows allocation of vWF to other sites of injury. Subsequently, the size regulation of vWF 
is important for normal hemostasis. The A2 domain controls the cleavage or self truncation 
mechanism of vWF and is exposed during conformational changes caused by shear stress.  The 
shear stress applied onto vWF is translated into force to induce conformational changes in the 
single-molecule study system. In this section, we study the monomers in order to have a better 
understanding as to how A2 domain behaves in multimeric form. This study has two aims 1) 
verify the unfolding in wild type A2 domain, and 2) characterize the unfolding properties of A2 
domain mutant N1515Q, N1574Q, and Q1541R. 
 
5.1 Methods  
Single-molecule optical tweezer experiments were conducted on WT, Q1541R, N1515Q, 
and N1574Q, to characterize the unfolding behavior of A2 domain.  
 
Figure 19. Typical Force vs. Extension curve of WT A2 domain.DNA overstretching (A) at 65 pN 
is shown and an unfolding event (B) is indicated by a sharp decrease in force. 
 
Single-molecule optical tweezers utilize laser beams to trap beads that are coated with 
samples that grabs onto the N and C terminus end of the target protein. A single bead is stationed 
on a micropipette and a laser traps the other bead. The two beads are then brought close together 
to adhere and then pulled away at constant speed. The following speeds were used to gather a 
better distribution: 50 nm/s, 150 nm/s, 200nm/s, and 500 nm/s. In our experiment, one 
streptavidin bead is coated with vWF protein (mutants/WT) that is coupled with biotinylated 
A 
B 
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DNA Handle and SpyTag; the other streptavidin bead is coated with biotinylated SpyCatcher. 
(Figure 20) SpyTag and SpyCatcher is an innovative mechanism that allows for stronger and 
stable interaction for experimental purposes. Previous studies have shown that C terminus 
unfolds first for A2 domain, as a result our experiments will fix the bead coated with SpyCatcher 
and pull the bead coated with protein-SpyTag at a constant speed6.  
 
Figure 20. Linkage system employed in optical tweezers for A2 domain studies 
The following is the optical tweezer setup for vWF wild-type and mutants: 
1) WT – SpyTag - SpyCatcher - DNA Handle. 
2) N1515Q – SpyTag - SpyCatcher - DNA Handle. 
3) N1574Q – SpyTag - SpyCatcher -DNA Handle. 
4) Q1541R – SpyTag - SpyCatcher - DNA Handle. 
 
Using force ramp mode, unfolding force and extension was recorded (Figure 19) for various pull 
speeds. Histograms of the extension binned by 10 pN was extracted. Using a gaussian 
distribution and bin width of 6, the most probable extension length was identified. A worm-like 
chain model was then applied to characterize the unfolding behavior.  
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5.2 Results and Discussions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21. Force vs. Extension of Q1541R for various speeds. Single molecular experiments 
were performed on A2 Q1541R mutant at pull speeds 50 nm/s, 100 nm/s, 200 nm/s, and 500 
nm/s. The histogram plots of the extension binned by b) 0-10 pN, C) 10-20pN, D) 20-30pN, E) 
30-40 pN and F) 40-50 pN. The histograms were then used to identify the most probable 
A 
B C 
D E 
F 
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extension for the average binned force to create a A) worm like chain fit of the most probable 
unfolding force and extension of Q1541R. 
 
The worm like chain was fitted for the monomeric Q1541R with a contour length of 47 ± 5.89 
nm. This aligns well with the single molecular studies done on A2 domain with contour length of 
57± 5 nm. 15 Furthermore, the contour length of 57± 5 nm divided by its extension length of .36 
residues/nm yields 130.6 ± 16.147 unfolding residues. A2 domain is predicted to have complete 
unfolding of 177 residues. Since Q1541R is a mutation, it is possible that only 82% of the 
predicted residues were actually unfolded. 
 
5.2.1 Potential Two-Step Unfolding of Q1541R 
 
During single molecular pulling experiments, a noticeable amount of data had two –step 
unfolding, shown in Figure 22. To investigate this phenomenon, data for all pull speeds except 
for pull speed 100 nm/s was sorted by single step unfolding, two-step unfolding, or triple step 
unfolding. Results in Figure 23 showed that approximately 33% of the types of unfolding event 
occurrences were two-step unfolding. This two-step unfolding may account for the two peak 
Gaussian distribution we see in Figure 21 E and F at higher force bins. Furthermore, the average 
unfolding distance of the first unfolding peak is 24 nm and second unfolding peak is 22 nm. The 
sum of the first and second average unfolding distance in the two-step unfolding are 
approximately 46 nm which is very close to the contour length of 47 nm from our single-
molecule experiments.  
 
Figure 22. Example of a Two-Step Unfolding Force vs. Extension Curve. 
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Figure 23. Probability of Single, Double Unfolding. 
 
Unfolding 
Event 
Min Force ( pN)  Max Force (pN) Min 
Extension 
(nm) 
Max 
Extension 
(nm)  
Average 
Force 
(pN) 
Average 
Distance 
(nm) 
First 0.28 43 6 49 17 24 
Second 9 61 5 57 37 22.04297 
Table 4. Summary of First and Second events in Two-Step Unfolding. Only two-step unfolding 
processes were accounted for the first and second unfolding event category. 
 
Figure 24 Preliminary Results for Force vs. Extension of A) N1574Q and B) N1515Q for pull 
speed 200 nm/s 
The ongoing optical tweezers studies revealed the unfolding force and distance of A2 
WT, N1515Q, N1574Q, and Q1541R. Our preliminary data is currently inconclusive due to the 
incomplete data collection for various pull speeds to better understand and map the energy 
landscape of A2 domain. However, for pull speed 200 nm/s it is evident that Q1541R has larger 
extension concentrated around 20-40 nm for 10-50 pN in comparison to N1515Q. Larger 
unfolding indicates easier unraveling of the domain which corresponds to the increase in 
33.49%
76.56%
Types of Unfolding Event 
Occurences
%Two-Step
UnfoldingEvents
%Single Step
Unfolding
B A 
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Q1541R susceptibility to ADAMTS13 cleavage as opposed to N1515Q. More experiments need 
to be conducted in order to develop a more elaborate conclusion.  
 
A2 domain-ADAMTS13 enzymatic activity allows for heavy size regulation of vWF 
which is critical for normal hemostasis performance. A2 domain of Mutants N1515Q, N1574Q, 
and Q1541R were studied.  ADAMTS13 cleavage assay was performed to understand the 
relationship between A2 domain and ADAMTS13 (Figure 15). The ongoing optical tweezers 
studies revealed the unfolding force and distance of WT A2. Our preliminary data showed that 
compared with WT, mutant N1574Q showed significant shorter unfolding distance and lower 
unfolding force, suggesting that the mutants might exhibit weakened mechanical stability.  
 
  
 34 
 
CHAPTER 6. BIOMECHANICAL PROPERTIES OF MULTIMERIC VWF AND 
MUTANTS  
 
 As mentioned earlier, vWF is a large multimeric glycoprotein that is essential for 
hemostasis. Shear stress induces conformational changes that allows for collagen and platelet 
binding. The elongation of multimeric vWF allows for binding site exposures of multiple A1 and 
A3 domains. The more binding sites that are exposed, the more A3-collagen and A1-Platelets are 
able to form. The adhered vWF multimers are then able to rapidly create a platelet plug for 
vessel wall injury. As a result, multimerization and vWF’s self association or polymerization is 
essential for efficient platelet plug formation. If the multimers are too short, there will be too few 
binding sites for platelet plugs to efficiently form. Subsequently, it is just as important to study 
the multimeric vWF as the A2 domain. It allows for a better reflection of multimeric vWF with 
domain-domain associations and structural forms of vWF in-vivo.  
 The objective of this research is to 1) Verify the unfolding in wild type von Willebrand 
Factor;  2) whether mutant N1515Q, N1574Q, and Q1541R, unfold, and if they do, determine the 
mechanical properties of unfolding. 
 
6.1 Methods 
For this research project, the major experimental technique that is used is the single-
molecule optical tweezers. In this study, one bead with biotin binds to D’D3 domain with a D’D3 
Fab and another bead with biotin binds to the C terminal with C12 Fab.  
 
 Figure 25. Linkage system implemented in optical tweezers for multimeric vWF studies.  
The following is the optical tweezer setup for vWF wild-type and mutants: 
1) DNA Handle-D’D3 Fab-WT- C12 Fab- DNA Handle 
2) DNA Handle-D’D3 Fab-1515- C12 Fab- DNA Handle. 
3) DNA Handle-D’D3 Fab-1574- C12 Fab- DNA Handle. 
Polystyrene 
B 
B 
B 
Strepavid
Bioti
DNA 
D’D3 antibody 
Fab 
VWF 
multimer 
C12 Fab 
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4) DNA Handle-D’D3 Fab-1541- C12 Fab- DNA Handle. 
By holding the D’D3 domain and C-terminal of vWF with SA beads, the A2 domain will 
unfold which allows observance of the Force vs. Extension properties for the wild type and 3 
different mutants. For each sample, we will pull it at various speeds: 50 nm/s, 100 nm/s, 150 
nm/s, 200 nm/s, and 500 nm/s. We will identify the most probable force and extension at each 
pulling speed.  
Any data collected should show 1) conformational change and 2) DNA overstretching. 
Conformational change is important because if there is no conformational change then that 
would indicate that there is no sample or that the DNA directly binds to the surface of the 
protein, or that the protein did not unfold or is degraded. DNA overstretching is important 
because this proves that the conformational change is due to the protein being pulled apart and 
not other interactions. A DNA overstretching for one single molecular interaction should be 200 
– 300 nm long; any DNA overstretching longer than that indicates there were multiple singular 
molecular interactions.  
 
6.2 Results – Force vs. Extension 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Q1541R Force vs. Extension Q1541R Worm-Like Chain Fit A 
B 
C 
N1515Q Force vs. Extension 
D 
N1574Q Force vs. Extension 
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Figure 26. Single-molecule Optical Tweezer Experimental Results for vWF Multimers. Optical 
tweezers were used to measure unfolding force and extension of multimeric mutants and WT. 
Experiments were conducted in 150nM tris buffer and was subjected to force ramp mode for 
constant speeds 50 nm/s, 150 nm/s, 100 nm/s, 200 nm/s, 400 nm/s and 500 nm/s. Force vs. 
Extension results for b) Q1541R c) N1574Q and d) N1515Q. From Q1541R force vs. extension 
data collection, a worm-like chain was fitted.  
 
The ongoing optical tweezers studies revealed the unfolding force and extension of 
multimeric WT, N1515Q, N1574Q, and Q1541R. (Figure 31) From the Q1541R force vs. 
extension data, a worm-like chain model was fitted (Figure 31a) revealing two populations of 
probable unfolding. The first population has a contour length of 44.8 nm and a persistence length 
of 0.49 nm. The second population has a contour length of 66.52 nm and persistence length of 
1.97 nm. In addition, there is a noticeable shift towards a larger unfolding for Q1541R in 
comparison to N1515Q. There are concentrated unfolding data points around 40-60 nm for 
Q1541R in comparison to densely populated unfolding data points around 20-40 nm for 
N1515Q. Larger extensions indicate easier unfolding which would imply Q1541R has a lower 
threshold for unfolding. This reflects the ADAMTS13 cleavage assay results for A2 domain and 
would imply that the properties of isolated A2 domain translate into multimers. Our preliminary 
data is currently inconclusive due to the incomplete data collection for N1515Q, N1574Q, and 
WT at various pull speeds to better understand and map the energy landscape of the multimers. 
In addition, the WT WLC fit is needed in order to serve as a reference for comparison with the 
mutants.  
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CHAPTER 7. SUMMARY AND FUTURE WORK 
 
 Given the importance of multimeric forms of vWF and the A2 domain for self truncation 
mechanism and limited single-molecule studies on N1515Q, Q1541R, and N1574Q, there is an 
area of opportunity to explore the mechanical properties of the A2 domain and multimeric and 
monomeric vWF WT, mutant N1515Q, N1574Q, and Q1541R. The project is broken up into 
four phases 1) understanding structural differences of vWF mutants 2) understanding the 
relationship between ADAMTS13 and A2 mutants, 3) characterizing the biomechanical 
properties ofA2 domain vWF and mutants and 4) characterizing the biomechanical properties of 
multimeric vWF and mutants.  
 At this point, successful simulation of all four systems of various mutants and wild-type 
vWF has been conducted and compared to acquire a better understanding of structural influence 
the single point mutation. The hydrogen bond interactions, RMSD against its initial 
configuration and WT with no glycan, residue interaction map, and qualitative analysis were 
conducted on all four systems. While results are promising, and the influence of the solutions in 
the system are assumed insignificant given the same alkali halide concentration and little ion-
protein interaction shown in the interaction maps (Figure 17), it is important to recognize the 
different alkali halides used in simulated systems of mutant and wild-type. Future work may 
include running both in systems that mimic the physiological conditions, including NaCl and 
body temperature, as well as, running the system for a longer period of time. In addition, the 
second phase of the project has been completed to better understand the relationship of 
ADAMTS13. The successful cleavage assay results have indicated higher susceptibility for 
ADAMTS13 for Q1541R and N1574Q. For Phase 2 and 3, successful mechanical 
characterization has been conducted on both monomeric and multimeric Q1541R. The contour 
length of Q1541R is about 47 ± 6 nm. Furthermore, monomeric Q1541R A2 domain hints at a 
potential two-step unfolding process.  The sum of the average unfolding distance for the first and 
second unfolding in the two-step unfolding process is 46 nm, which is very similar to the contour 
length found from single-molecule experiments. The verification of monomeric and multimeric 
WT A2 is incomplete as well as the characterization for all 3 mutants with the exception of 
Q1541R. Preliminary data for both multimers and for 200 nm/s pull speed of A2 domain for 
mutants N1515Q, and N1574Q implies larger unfolding extension at lower forces for Q1541R 
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than the other two mutants. This is consistent with cleavage assay results. However, more data is 
needed for confirmation and for an overall conclusion.  
 As a result, the future work involves continuing optical tweezers experiment for both 
multimeric and A2 N1515Q, N1574Q, WT. A worm-like chain fit will then be generated from 
optical tweezers data for all mutants and wild type.  
 
.  
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